ABSTRACT A cholinesterase was purified 36-fold from mung bean (Phaseolus aureus) roots by a combination of differential extraction media and gel filtration. The enzyme could be effectively extracted only by high salt concentration, indicating that it is probably membrane-bound. Methods used for assaying animal cholinesterases were tested, two of which were adapted for use with the bean cholinesterase. The bean enzyme hydrolyzed choline and noncholine esters but showed its highest affinity for acetylcholine and acetylthiocholine. The pH optimum was 8.5 for acetylthiocholine and 8.7 for acetylcholine. The Michaelis constants were 72 and 84 AM for acetylcholine and acetylthiocholine, respectively. The cholinesterase was relatively insensitive to eserine (half-maximum inhibition at 0.42 mM) but showed high sensitivity to neostigmine (half-maximum inhibition at 0.6 AM). Other animal cholinesterase inhibitors were also found to inhibit the bean enzyme but most of them at higher concentrations than are generally encountered. Choline stimulated enzymatic activity. The molecular weight of the cholinesterase was estimated to be greater than 200,000, but at least one smaller form was observed. It is suggested that the large form of cholinesterase is converted to the smaller form by proteolysis.
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Acetylcholine has been shown to participate in phytochrome-mediated processes in bean roots (16) , and the results obtained in the above work suggested that bean roots might contain a cholinesterase which functions to regulate the content of ACh' in roots. Other workers (8, 9, 13) have also reported that whenever ACh was found to play a role in physiological processes in plant tissues, ChE inhibitors increased the effects of ACh or were essential for getting any effects of ACh. It was for this reason that we became interested in ChE in plant tissues. In contrast to animal ChE, there are hardly any data concerning the occurrence of ChE in plants. Dettbarn (4) detected activity in Nitella which on the basis of hydrolysis of a relatively specific substrate (acetyl-B-methylcholine) was related to acetylcholinesterase (AChE). Since no further characterization of the enzyme was done, this con- clusion is not established. A cholinesterase which hydrolyzed sinapine (an ester of sinapic acid and choline) and ACh was reported to occur in mustard seedlings (28) . Schwartz (27) (21) for specific activity measurements, or by recording the absorbance at 280 nm for column chromatography effluents.
RESULTS
Purification. Data for purification of bean ChE by procedure I are given in Table I . The procedure employs buffer of low molarity, which extracts only small amounts of the enzyme activity, to remove soluble proteins, followed by 4% (NH4),SO, to solubilize the enzyme from the plant residue. The combined activities found in the buffer and (NH4)2S04 extracts correspond to the "crude extract" in Table I . The above procedure was utilized on the basis of an experiment designed to select efficient extraction methods (Table II) . All the other methods tested resulted in relatively low ChE activity compared with that using (NH,)2SO4. The inefficiency of Triton X-100, which has often been used to solubilize AChE from animal tissues, is somewhat surprising. (NH4)2SO4, used in this experiment to concentrate the ChE from the extraction media, also precipitated the Triton X-100, and this might account for Figure IA shows a typical elution proffle from Sephadex G-200 for a ChE sample obtained by procedure I. All ChE activity was eluted in the void volume. When a ChE obtained through procedure II was applied to the same column, the elution profile was quite different (Fig. 1B) . Two peaks of activity were observed, and most activity was eluted after the void volume. Similar results were obtained with many ChE preparations. Kinetic and inhibition data for all the active fractions were similar.
Attempts to purify further the ChE on DEAE-Sephadex and hydroxylapatite resulted in low yields and almost no increase in specific activity. ChE purified by procedure I was used after Sephadex chromatography in most of the experiments presented in this paper.
The possible occurrence of simple esterases, such as noncholine esterases, in the bean root extracts was also tested, using indophenyl acetate as a substrate with and without neostigmine, a specific ChE inhibitor (see Table III ). It was observed that the buffer extract of procedure I removed most simple esterases and the ChE preparation after Sephadex G-200 chromatography contained only 3 to 5% of the initial noncholine esterase activity. Extracts prepared according to procedure II contained all the bean root simple esterase activity, most of which was eluted on Sephadex G-200 after the ChE as a single peak. This fraction did not hydrolyze 0.5 mM ATCh, the optimal concentration for the ChE.
Assay Methods. One of the aims of the present work was to study methods for determination of ChE activity which could be adapted for routine use with plant tissues. The relatively very low ChE activity in bean roots (about 10,000 less on a fresh weight basis than in mammalian brain) ruled out (Fig. 2) . The effect of enzyme concentration on hydrolysis is shown in Figure 3 . At lower enzyme concentrations, the rate of the reaction was directly proportional to the concentration of enzyme and appeared to follow zero order kinetics. As enzyme concentration was increased beyond 0.2 ml (roughly 0.02 mg of protein), the reaction rate diminished. From these observations it was concluded that an amount of enzyme which produced an increase in absorbance of 0.025 to 0.220 was satisfactory for a linear rate of hydrolysis during 12 min. Except for the pH, assays with Ellman's method were carried out at optimal conditions (37 C and 0.5 mm and 0.1 mm for substrate and DTNB concentration, respectively). We preferred to work at pH 8.0 rather than at the optimal pH (8.5) in order to avoid the relatively high self-hydrolysis of ATCh above pH 8.0. Though Ellman's method is a standard method for assaying animal ChE and ATCh is regarded as good a substrate as ACh, we employed the radioisotopic method for comparison of the hydrolysis of ATCh and ACh by bean ChE. Results in the following showed that ATCh can also replace ACh for studying the plant ChE.
The radioisotopic method was also found to be suitable for routine determinations of ChE activity in bean roots. The method is sensitive and can be used with colored extracts and particulate fractions.
PROPERTIES OF THE ENZYME Stability. Activity of purified ChE preparations obtained by procedure I decreased gradually during storage at -12 C to about one-third of its original activity in a week. Losses of activity of these preparations were also detected during prolonged assays. However, addition of bovine serum albumin (1-2 mg/ml) stabilized activity. ChE preparations obtained by direct extraction with (NH4)-S04 and concentration by (NH)2SO0 at 70% of saturation could be stored at 4 C for several weeks with no apparent loss in activity.
Substrate Specificity. The hydrolysis of a number of choline and noncholine esters was studied in order to determine the substrate specificity of the ChE. Table III pH Optimum. The pH optimum of the bean ChE as determined with the photometric method was 8.5 (Fig. 4) , whereas the pH optimum determined by the radioisotopic method was slightly higher, 8 From a Lineweaver-Burk plot (Fig. 5) , Km was dete to be 84 ,uM, which agrees well with the Km (, determined with ACh by the radioisotopic method not presented).
Inhibitors and Activators. One of the most im criteria used to define an animal enzyme as a ChE is cc inhibition by 10 juM eserine (1). However, this concer of eserine failed to cause significant inhibition of th ChE (Fig. 6) . Inhibition was observed at much high( centrations, half-maximal inhibition being obtained; l1~mM. On the other hand, neostigmine, another well known ChE inhibitor, was much more active (Fig. 7) . Half-maximal inhibition was obtained at 0.6 /.cM, which is comparable to inhibition of AChE (17) . Up to 0.1 mm, neostigmine had no effect on the non-Ch esterase(s) present in bean roots. Several other inhibitors of AChE and pseudo-ChE were also tested (Table IV) . Ambenonium and B.W. 284 C51, specific inhibitors of AChE, and ethopropazine hydrochloride, a specific inhibitor of pseudo-ChE, were found to be inhibitory only at relatively high concentrations. Sevin, a carbamate, caused slight inhibition at 0.2 mm. Higher concentrations could not be tested because of the low solubility in water. Paraoxon, the active principle of the insecticide parathion, was observed to be a very active inhibitor, while echothiophate, one of the most potent AChE inhibitors, was much less active. The growth retardants AMO-1618 and Q80 (22) also inhibited the ChE.
The possibility that the preparations used in this work contained more than one enzyme was tested by studying the Choline either stimulated ChE activity or caused transacetylation (Fig. 8) . Slight stimulation was observed in the presence of 0.1 mm choline, while at 10 mm, the activity assayed at pH 8.0 increased by about 2.7-fold. The amount of stimulation due to choline decreased with the decrease in pH.
Molecular Weight. All the ChE that was found in preparations obtained by procedure I was not retarded on a Sephadex G-200 column (Fig. IA) , indicating that its molecular weight is greater than 200,000. On the other hand, enzyme preparations obtained by procedure II contained a smaller form of the ChE as observed from the elution pattern on a Sephadex G-200 column (Fig. 1B) . Using a calibrated Sephadex G-200 column prepared according to the directions of Pharmacia Fine Chemicals, the molecular weight of the smaller form was estimated to be 80,000 (Fig. 9) .
Several workers have reported (12, 26) that treatment of animal ChE with proteases resulted in lower molecular weight forms. A concentrated bean ChE preparation (5 ml) obtained by procedure I was, therefore, treated with bacterial protease (1 mg/ml) for 24 hr at 4 C. After the preparation had been clarified by centrifugation, it was chromatographed on the calibrated Sephadex column. Two peaks of activity were obtained; one was eluted in the void volume. The molecular weight of the ChE of the second peak was estimated to be 160,000 (Fig. 9) .
DISCUSSION
The classification of esterases and especially those from plants, which have been much less investigated compared to animal esterases, is difficult and complicated. However, on the basis of investigations with animal esterases, it is well accepted that an enzyme which in not completely inhibited by 10 /,M eserine cannot be defined as a ChE (1). The use of eserine for classification of esterases has been adapted to investigations with plants (25, 27, 28), but on the basis of our work it seems that this criterion is not acceptable for nonanimal esterases. The bean enzyme is inhibited only by relatively high concentrations of eserine, but based on the Km for ACh (or ATCh) and the inhibition by low concentrations of neostigmine the enzyme is undoubtedly a ChE. This is supported by the observations that besides ChE, extracts of bean roots contained an esterase or esterases which did not hydrolyze ATCh at 0.5 mM, the optimal concentration for the bean ChE, and were not inhibited by relatively high concentrations of neostigmine. It is interesting to note that, whenever ChE activity was detected in plants, eserine was much less effective in vitro compared to animal ChE (27, 28) . On the other hand, when applied in vivo, eserine was active in relatively low concentrations even in plant tissues (8, 13, 16) . This discrepancy might be explained by the possibility that eserine is being ionized in vivo and this corresponds to the increased activity observed in vivo.
The observations presented in this paper will be better understood if the mechanism of the hydrolysis of ACh by ChE is described. Intensive studies on the interaction of animal ChE and especially AChE with substrates and inhibitors have contributed to an understanding of the active site of these enzymes and its mode of action. A simplified model of the active site of AChE and hydrolysis of ACh is illustrated in Figure 1OA . There is evidence for at least one anionic site which attracts the positively charged nitrogen of ACh, and evidence for an esteratic site at which hydrolysis occurs. The substrate, ACh, combines with an active unit of the enzyme (Fig. 1OA, step 1 (-G-H) of the esteratic site. There is also van der Waals attraction between the methyl and methylene groups of the choline moiety and the hydrophobic groups at the enzyme surface. In the second step choline is split off, leaving an acetylated enzyme (II), which reacts rapidly with water (step 3) to produce acetic acid and a regenerated enzyme.
Certain types of inhibitors can be regarded as substrates which are being hydrolyzed at relatively very low rates. Neostigmine (Fig. 10B ) and related compounds react with the enzyme in the same manner as does ACh (step 1 and 2); however, the carbamylated enzyme (II) reacts with water (step 3) at less than a millionth the rate of the corresponding acetylated form.
Simple quaternary ammonium inhibitors compete with the substrate for the anionic site of the enzyme, while organophosphorous inhibitors react only with the esteratic site to form a stable phosphorylated enzyme. (Detailed information on this subject is presented in Refs. 23 and 30). The data obtained in our work, especially from inhibition studies, suggest that the active site of the bean ChE and its mode of action are in principle similar to those of AChE.
The possible occurrence of enzymes similar to animal ChE in plant tissues has been of interest for a long time. Our data clearly show that the bean ChE is different from animal ChE. However, as shown in Table VI , there is similarity between various properties of the bean enzyme and those of animal ChE and especially AChE. Several properties of the bean ChE are of special interest.
The necessity of high salt concentration to solubilize the ChE from bean roots indicates that the enzyme is probably membrane-bound, which is also characteristic for AChE (Table VI) . This is consistent with the observations that ACh plays a role in phytochrome-mediated processes, since phytochrome is believed to be a membrane-bound system (10. 15) . The bean ChE resembles animal ChE by not being specific for choline esters. Although ACh is hydrolyzed at the highest rate (Table III) , there is yet no evidence that ACh is the natural substrate. On the other hand, in terms of Kin the bean enzyme shows an even higher affinity for ACh than does AChE (Table VI, Fig. 5 ). Inhibition by an excess of ACh (or ATCh) is also characteristic for AChE (Table VI) . It may be explained by the assumption that the anionic and esteratic sites each attract a substrate molecule. In this situation, the substrate would not be in the optimal stearic position which is required for hydrolysis of the ester bond, resulting in a decrease in enzymatic activity. Data obtained with AChE also offer other explanations (23) .
Stimulation of ChE activity by choline is somewhat surprising. Since choline contains a positively charged nitrogen, it is presumed that it will interact with the anionic site of the enzyme, just as the choline moiety of the substrate molecule, and should, therefore, be a competitive inhibitor. This is not the case with the bean enzyme and pseudo-ChE below pH 7.0 (2, 7). Using organophosphorous inhibitors, Clark et al. (2) have observed that choline enhances the hydrolysis of the phosphorylated enzyme formed between the inhibitors and pseudo-ChE. It is concluded that choline, besides being a competitive inhibitor of ChE, may stimulate activity by enhancing the deacylation of the intermediary acyl enzyme (Fig. 10) , and this probably masks the inhibition phenomenon. Choline was reported to inhibit ChE activity in extracts of pea roots (25). The very low substrate concentration (below optimum) used in that study might account for the difference in results as compared to our work.
The methods used in this work to extract and purify the bean ChE yielded at least two forms of the enzyme (Fig. 1) . The molecular weights of these forms were estimated to be 80,000 and greater than 200,000. We do not know yet if the fact that the first eluted peak from Sephadex G-200 of ChE purified according to procedure II did not exactly follow the void volume (Fig. 1B) means a third form of the enzyme. There are two possibilities to explain these observations: the larger form is an aggregate of the smaller form or the smaller form results from disaggregation of the larger form. There are data concerning the formation of small forms of animal ChE by treatment with proteases (12, 26) . Recently, Gardner et al. (6) have reported an analogous situation for phytochrome, providing evidence that the small molecular weight form of phytochrome is a result of protease activity. The above data and the fact that treatment of the bean ChE with bacterial protease resulted in partial breakdown of the enzyme suggest that the smaller molecular weight form of the bean enzyme obtained by procedure II is due to proteolysis. This suggestion seems reasonable also in the light of the extraction procedures used: in procedure I the buffer extract removed water-soluble enzymes, so that the second (NH4)2SO4 extract containing the ChE was free from protease(s), yielding only the larger form of the enzyme. Extracts made according to procedure II contained both the ChE and protease(s), and the time passed between extraction and gel filtration was enough for breakdown of the enzyme by contaminating protease(s). Without more detailed studies of this problem it can only be concluded that the size of the bean ChE can be altered with no significant effects on the characteristics of the enzyme.
The present paper provides evidence that bean roots contain an enzyme similar to AChE from animal tissues. Though )M PLANT TISSUES. I 527 the physiological role of this enzyme has not yet been established and there is no evidence that ACh is the natural substrate of the enzyme, there are some data which suggest that the enzyme functions as AChE to regulate the amount of ACh in plant tissues (8, 13, 15) .
